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We theoretically demonstrate that a rotating electric-field component of circularly polarized mi-
crowave or terahertz light can induce electron-spin polarization within a few picoseconds in a two-
dimensional electron system with the Rashba spin-orbit interaction by taking advantage of the
magnetoelectric coupling. The efficiency turns out to be several orders of magnitude greater than
that of conventional methods, indicating high potential of this technique for future spintronics.
PACS numbers: 76.50.+g,78.20.Ls,78.20.Bh,78.70.Gq
The fast and efficient manipulation of electron spins in
magnetic semiconductors is a vital issue in recent spin-
tronics research [1–5]. Induction, switching and driving
of magnetization can be achieved by application of ex-
ternal stimuli such as magnetic fields [6–11] and electric
currents [12–15]. These phenomena are expected to be
useful for technical applications in magnetic devices. The
techniques based on the application of magnetic field ex-
ploit the Zeeman coupling between the electron spins and
the magnetic field, whereas those based on the electric-
current injection take advantage of, for example, angular-
momentum transfer from conduction-electron spins to
the local magnetization [16–19].
The Rashba spin-orbit interaction (SOI) provides an-
other important physical mechanism to manipulate mag-
netism by electric current injection [20–22], and it has
been attracting a great deal of interest because of its
strength and controllability via application of a gate
FIG. 1: (color online). (a) Schematic illustration of the mag-
netzation induction by irradiating a circularly polarized mi-
crowave or terahertz light in the two-dimensional electron
system with broken spatial inversion symmetry where the
Rashba spin-orbit interaction is active.
voltage [23–25]. This interaction becomes prominent
in asymmetric heterostructures of narrow-gap semicon-
ductors. A number of interesting spin-dynamics and
spin-transport phenomena related to the Rashba in-
teraction have been theoretically proposed and exper-
imentally demonstrated [26–28]: the spin-galvanic ef-
fects (the spin-to-charge current conversion) [29–34]; the
inverse spin-galvanic effects (the charge current-to-spin
conversions) [35–37]; spin-polarized field-effect transis-
tors [38, 39], spin-current generation via the spin filtering
effects or spin-polarizing effects [40–47], and the electrical
manipulation of spins [48–50]
However, techniques based on the electric current in-
jection encounter a serious problem of large energy con-
sumption due to Joule-heating losses; even techniques
based on the magnetic field application cannot avoid it
because the magnetic field is generated via application of
electric currents to a metallic coil. Conversely, techniques
using microwaves and terahertz (THz) light have high
potential to realize significant reduction of energy losses.
Recently, induction and switching of magnetization with
a circularly polarized electromagnetic waves have been
proposed theoretically [51, 52]. The physical mechanism
of this effect is a direct activation of the electron-spin pre-
cession through coupling between the circularly polarized
magnetic field and the electron spins via the conventional
Zeeman interaction. Its efficiency is, however, limited be-
cause an energy of the Zeeman interaction is very small.
A relation B0 = E0/c holds between the amplitude of al-
ternating current (AC) magnetic field B0 and that of AC
electric field E0 for electromagnetic waves. This means
that B0 is only ∼0.3 T even for a relatively intense laser
with E0=1 MV/cm, which corresponds to a Zeeman en-
ergy of only 18 µeV. Therefore, an enhancement of the
effect has been called for.
In this Letter, we theoretically propose that tremen-
dous enhancement of the effect can be realized at mi-
crowave or THz frequencies by exploiting the electric-field
component of the electromagnetic wave. It requires irra-
diation of a circularly polarized laser or microwave onto
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2a two-dimensional electron system with the Rashba SOI
[see Fig. 1]. Its rotating electric-field component gener-
ates an effective rotating magnetic field via the Rashba
SOI, and its amplitude is several orders of magnitude
higher than that of the original AC magnetic-field com-
ponent, e.g., four orders of magnitude larger at 10 THz.
The present method can enable manipulation of electron
spins with much greater efficiency than previously pro-
posed methods using the circularly polarized magnetic-
field component, and thus will advance research of the
spintronics research onto a next stage.
We study the effects of circularly polarized light irrdia-
tion on a two-dimensional electron gas with the Rashba
SOI realized at the interface of asymmetric heterostruc-
ture of semiconductors. By numerically solving the time-
dependent Schro¨dinger equation, we trace time evolu-
tions of the Gaussian wave packets with up and down
spins, ~ψ↑(r, t) and ~ψ↓(r, t).
The time-dependent Schro¨dinger equation reads
ih¯
∂ ~ψ
∂t
= H~ψ. (1)
The Hamiltonian H is composed of four terms as,
H = HK +HR +HE +HB where
HK = − h¯
2
2m
(
∂2
∂x2
+
∂2
∂y2
)
, (2)
HR = 1
h¯
σ · (p×α) = −α
h¯
(pxσy − pyσx) , (3)
HE = −eφem = eE0
(
xEωx (t) + yE
ω
y
)
, (4)
HB = gµB
2
(
σxB
ω
x (t) + σyB
ω
y (t)
)
. (5)
Here e(> 0) is the elementary charge, and m is the elec-
tron mass. We assume a free-electron mass for m in this
study. The first term HK represents the kinetic energy.
The second term HR represents the Rashba interaction
where α = αez is the Rashba vector with α being the
Rashba parameter. We take α=0.6 eV·m as a typical
value of the Rashba parameter [23, 24]. The third term
HE describes the AC electrical potential induced by the
rotating electric field Eω(t) of the circularly polarized
light. The fourth term HB describes the Zeeman cou-
pling between the electron spin and the rotating magnetic
field Bω(t) of the light. The Eω(t) and Bω(t) fields are
given, respectively, by
Eω(t) = E0β(t) (cosωt, sin(ωt+ ϕ)) , (6)
Bω(t) =
E0
c
β(t) (sin(ωt+ ϕ),− cosωt) . (7)
Here the time-dependent factor β(t) = tanh(t/τ1) with
τ1=0.868 ps is introduced for a gradual rise of the ex-
ternal fields to observe essential phenomena induced by
the Rashba SOI avoiding intense and nonlinear spin os-
cillations in the initial process caused by an impact of
abruptly irradiated electromagnetic waves. The value of
ϕ determines the helicity of the laser, i.e., ϕ=0, pi/2,
and pi correspond to left-circularly, linearly and right-
circularly polarized lights, respectively.
The initial forms of the wave packets are given by,
~ψσ(t = 0) =
1
4
√
2piδ2
exp
[
−x
2 + y2
4δ2
]
~χσ (8)
with δ=6.75 nm. The quantization axis of spin is chosen
to be the z axis, and the spin-parts of the wavefunctions
are given by,
~χ↑ =
(
1
0
)
, ~χ↓ =
(
0
1
)
. (9)
For the numerical simulations, we employ a system of
Lx × Ly =100 nm × 100 nm with an open boundary
condition. Dividing this system into idential square cells
of a× a with a=2 nm, the Laplacian in the Schro¨dinger
equation is treated within the finite-difference method.
We solve this differential equation using the fourth-order
Runge-Kutta method numerically. Spatial distributions
of the dynamical spin density Ds and the dynamical
charge density Dc are calculated using the simulated
wavefunctions ψ↑(r, t) and ψ↓(r, t) as,
Ds(r, t) =
∑
σ
|~χ↑ · ~ψσ(r, t)|2 − |~χ↓ · ~ψσ(r, t)|2, (10)
Dc(r, t) =
∑
σ
|~χ↑ · ~ψσ(r, t)|2 + |~χ↓ · ~ψσ(r, t)|2, (11)
where σ=↑ and ↓.
In Fig. 2, we display snapshots of the simulated spin
density Ds and charge density Ds at selected times
under irradiation of left-circularly polarized and right-
circularly polarized light. Here the amplitude and the
frequency of the light are fixed at E0=1 MV/cm and
ω/2pi=10 THz, respectively. Initially, the spin density is
zero in total because of the cancellation between equally
weighted up-spin and down-spin wave packets, ψ↑(r, 0)
and ψ↓(r, 0). Immediately after starting the laser irradi-
ation, the Gaussian wave packet splits into two portions
with opposite spin components, i.e., a portion with a
dominant up-spin density and one with a dominant down-
spin density. The resulting spin-density dipole circulates
in the same direction as the rotations of the light Bω(t)
and Eω(t) fields. Through this spin-polarizing process,
the charge-density distribution gradually spreads because
of the diffusion of the Gaussian wave packets. In a se-
ries of simulated charge-density snapshots with a shorter
interval (not shown), we find that the Gaussian wave
packet circulates in a counterclockwise (clockwise) fash-
ion for the left-circularly (right-circularly) polarized case
in accord with the rotation direction of the Eω and Bω
components.
3FIG. 2: (color). Snapshots of the simulated spin and charge
density distributions (Ds and Dc) for selected times when
left-circularly or right-circularly polarized light is used. (a)-
(d) [(e)-(h)] Spin [Charge] density distribution under a left-
circularly polarized light. (i)-(l) [(m)-(p)] Spin [Charge] den-
sity distribution under a right-circularly polarized light. The
relevant area of 60 nm × 60 nm is magnified, while the sim-
ulations are performed for a larger system size of 100 nm ×
100 nm.
FIG. 3: (color online). Simulated time evolution of expec-
tation values of the spin z-axis component S¯(t) under left-
circularly, right-circularly and linearly polarized lights with
Eω + Bω fields. We also plot the results for the case with
the electric-field component Eω only and the case with the
magnetic-field component Bω only.
In Fig. 3, we plot time profiles of the expectation value
of the spin z-axis component calculated as
S¯(t) =
∫
drDs(r, t)/
∫
drDc(r, t) (12)
for different light polarizations, i.e., left-circularly, right-
circularly, and linearly polarized lights with both Eω(t)
and Bω(t) fields (indicated as Eω + Bω in the figure).
Here the amplitude and the frequency of the circularly
polarized lights are fixed at E0=1 MV/cm and ω/2pi=10
THz, respectively. We find that S¯(t) grows very quickly
(a typical time scale is a few picoseconds) for circularly
polarized lights. Importantly, the sign of the induced
spin component differs depending on the handedness of
the circular light-polarization, that is, it is positive (nega-
tive) for a left-circularly (right-circularly) polarized case.
In contrast, the expectation value remains zero for the
linearly polarized case, indicating that the magnetization
cannot be induced by the linearly polarized light.
Simulations are performed also for the case with the
electric-field component (Eω) only and the case with the
magnetic-field component (Bω) only. The results ob-
tained for Eω only show almost perfect coincidence with
those for Eω +Bω in the plot. However, the results for
Bω only are negligibly small, so that we need to multiply
by 50,000 to make them visible in the present plot scale.
We should also mention that the Gaussian wave packets
show diffusive behaviors because they are not eigenstates
of the Hamiltonian, which phenomenologically mimics
the effects of scattering and relaxation of the electron
spin in real systems, resulting in the incomplete spin po-
larization seen in Fig. 3.
Now we discuss a physical mechanism for the observed
enhanced spin-polarization induction by irradiation of a
circularly polarized electromagnetic wave in the Rashba
SOI system. By comparing Eq. (3) with a formula of the
usual Zeeman interaction
HZeeman = gµBB · 1
2
σ, (13)
we find that the Rashba SOI induces an effective mag-
netic field
Beff =
2α
gµBh¯
(p× ez) . (14)
This effective magnetic field Beff acts on moving
conduction-electron spins, and its magnitude and direc-
tion are governed by a momentum p of the electron as
well as the Rashba vector α(= αez).
Accordingly, the rotating electric field Eω of circularly
polarized light can induce a rotating effective magnetic
fieldBωeff in the presence of the Rashba SOI, which causes
the electron-spin polarization as formulated in the follow-
ing. When an electron moves under the influence of the
rotating electric field Eω = E0 (cosωt, sinωt), an equa-
tion of motion for the electron is given by,
m
(
x¨
y¨
)
= −eE0
(
cosωt
sinωt
)
− m
τ
(
x˙
y˙
)
(15)
where τ is the relaxation rate. In the high-frequency limit
(ωτ  1), this gives a momentum pω of the electron as
pω = m
(
x˙
y˙
)
=
eE0
ω
(− sinωt
cosωt
)
. (16)
4FIG. 4: (color online). (a) Rotating electric-field component
Eω of the circularly polarized light induces a momentum pω
of an electron, which leads to an effective rotating magnetic
fieldBωeff (‖ p×α) in the presence of the Rashba SOI with the
Rashba vector α normal to the two-dimensional plane. (b)
Induced rotating effective in-plane magnetic fieldBωeff leads to
a fictitious rotating magnetic field with an out-of-plane com-
ponent −ω/γ with respect to the coordinates rotating with
the Bωeff field.
Here we take pω = 0 for the initial momentum at t=0
because the momentum averaged over all the electrons
should vanish when the external field is absent. This
momentum gives rise to an effective rotating magnetic
field Bωeff via the Rashba SOI. The expression of B
ω
eff is
given by,
Bωeff = −
2eαE0
gµBh¯ω
(
cosωt
sinωt
)
. (17)
The amplitude of this effective rotating magnetic field is
proportional to both the Rashba parameter α and the
electric-field intensity E0, whereas it is inversely propor-
tional to the angular frequency ω. Note that this Bωeff
field points in the opposite direction to the Eω field [see
Fig. 4(a)].
When the Rashba parameter is α=6.0 meV·nm and
the intensity of the circularly polarized light is E0=1
MV/cm, the amplitude of the Rashba-induced Bωeff field
reaches 4300 T for ω/2pi=10 THz, which is four orders of
magnitude larger than the amplitude of the original AC
magnetic field of the light, i.e., B0 = E0/c ∼ 0.3 T.
Induction of the spin z-axis component by application
of this effective rotating magnetic field in the xy plane
can be understood as follows. When the rotating mag-
netic field is represented as Bωeff = B
ω
0 (cosωt, sinωt, 0)
with respect to the rest coordinates, the spin vector S is
represented with respect to the coordinates rotating with
this field as,
S = Sξeξ + Sηeη + Sζeζ , (18)
where eξ = (cosωt, sinωt, 0), eη = (− sinωt, cosωt, 0)
and eζ = (0, 0, 1) are unit directional vectors of the ro-
tating coordinate system [see Fig. 4(b)]. The ξ-axis is
chosen to be parallel to the Bωeff field. Taking the time-
derivative for both sides of Eq. (18), we obtain
dS
dt
=
dS
dt
∣∣∣∣
R
+ ω (Sξeη − Sηeξ) , (19)
where (...)R denotes a vector represented using ex, ey and
ez as bases or a vector represented with respect to the
rotating coordinates. Here we use the following relations
in the derivation:
dS
dt
∣∣∣∣
R
=
dSξ
dt
eξ +
dSη
dt
eη +
dSζ
dt
eζ , (20)
deξ
dt
= ωeη,
deη
dt
= −ωeξ, deζ
dt
= 0. (21)
Substituting the following two relations,
dS
dt
= −γS ×B = −γ
SξSη
Sζ

R
×
Bω00
0

R
(22)
and
ω (Sξeη − Sηeξ) = ω
−SηSξ
0

R
=
SξSη
Sζ

R
×
 00
−ω

R
(23)
into Eq. (21), we obtaindSξ/dtdSη/dt
dSζ/dt

R
= −γ
SξSη
Sζ

R
×
 Bω00
−ω/γ

R
, (24)
where γ(= gµB/h¯) is the electron gyromagnetic ratio.
This equation indicates that the circularly-polarized in-
plane magnetic field effectively works as a fictitious mag-
netic field given by BR = (B
ω
0 , 0,−ω/γ), which contains
a steady out-of-plane component proportional to the an-
gular frequency ω and thus can induce a spin component
perpendicular to the plane. In this way, the rotating
effective magnetic field Bωeff generated by the circularly
polarized electric field Eω via the Rashba SOI can induce
or switch the electron spin magnetization.
In summary, we have theoretically demonstrated that
irradiation of a circularly polarized microwave or THz
light can efficiently induce electron-spin polarization in a
two-dimensional electron system with the Rashba sSOI.
The AC electric field of the circularly polarized elec-
tromagnetic wave generates an effective rotating mag-
netic field via the Rashba SOI, which can be several or-
ders of magnitude larger in amplitude than its original
AC magnetic-field component. Consequently, this phe-
nomenon provides us with a highly efficient method to
manipulate the electron spins, and will be a breakthrough
for spintronics research. Since the Rashba SOI does not
necessarily cause the spin relaxation for coherently driven
electrons, the spin relaxation rate can be reduced in a
cleaner electron gas system, in which more enhanced spin
5polarization can be expected with less spin damping ef-
fects. Development of intense THz light source is neces-
sary for experimental feasibility of our proposal [53–55].
We assume a laser intensity of E0∼1 MV/cm, which is
currently available only for a pulse with a few cycles.
Experimental efforts to realize a continuous intense THz
laser of circular polarization as well as efforts to realize
a stronger Rashba coupling α will lead to an enhanced
efficiency of the spin-polarization induction.
This research was supported in part by JSPS KAK-
ENHI (Grant Nos. 25870169, 25287088, 17H02924,
and 17H01052), Waseda University Grant for Special
Research Projects (Project No. 2017S-101), and JST
PRESTO (Grant No. JPMJPR132A).
[1] Concepts in Spin Electronics edited by S. Maekawa (Ox-
ford University Press, Oxford, 2006).
[2] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J.
M. Daughton, S. von Molnar, M. L. Roukes, A. Y.
Chtchelkanova, and D. M. Treger, Science 294, 1488
(2001).
[3] I. Zutic, J. Fabian, and S. D. Sarma, Rev. Mod. Phys.
76, 323 (2004).
[4] C. Chappert, A. Fert, and F. N. Van Dau, Nat. Mater.
6, 813 (2007).
[5] Spin Current, edited by S. Maekawa, S. O. Valenzuela, E.
Saitoh and T. Kimura (Oxford University Press, Oxford,
2012).
[6] C. H. Back, D. Weller, J. Heidmann, D. Mauri, D. Guar-
isco, E. L. Garwin, and H. C. Siegmann, Phys. Rev. Lett.
81, 3251 (1998).
[7] C. H. Back, R. Allenspach, W. Weber, S. S. P. Parkin,
D. Weller, E. L. Garwin, and H. C. Siegmann, Science
285, 864 (1999).
[8] S. Kaka and S.-E. Russek, Appl. Phys. Lett. 80, 2958
(2002).
[9] Th. Gerrits, H. A. M. van den Berg, J. Hohlfeld, L. Ba¨r
and Th. Rasing, Nature 418, 509 (2002).
[10] H. W. Schumacher, C. Chappert, P. Crozat, R. C. Sousa,
P. P. Freitas, J. Miltat, J. Fassbender, and B. Hille-
brands, Phys. Rev. Lett. 90, 017201 (2003).
[11] I. Tudosa, C. Stamm, A. B. Kashuba, F. King, H. C.
Siegmann, J. Stohr, G. Ju, B. Lu, and D. Weller, Nature
428, 831 (2004).
[12] J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1
(1996).
[13] L. Berger, Phys. Rev. B 54, 9353 (1996).
[14] S. S. P. Parkin, M. Hayashi, L. Thomas, Science 320,
190 (2008).
[15] M. Yamanouchi, D. Chiba, F. Matsukura, and H. Ohno,
Nature 428, 539 (2004).
[16] B. Bazaliy, B. A. Jones, and S. C. Zhang, Phys. Rev. B
57, R3213 (1998).
[17] G. Tatara, and H. Kohno, Phys. Rev. Lett. 92, 086601
(2004).
[18] S. E.Barnes and S. Maekawa, Phys. Rev. Lett. 95, 107204
(2005).
[19] A. Brataas, A. D. Kent, and H. Ohno, Nat. Mater. 11,
372 (2012).
[20] E. I. Rashba, Fiz. Tverd. Tela (Leningrad) 2, 1224 (1960)
[Sov. Phys. Solid State 2, 1109 (1960)].
[21] F. T. Vas’ko, P. Zh. Eksp. Teor. Fiz. 30, 574 (1979).
[22] Y. A. Bychkov and E. I. Rashba, Pis’ma Zh. Eksp. Teor.
Fiz. 39, 66 (1984) [JETP Lett. 39, 78 (1984)].
[23] J. Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys.
Rev. Lett. 78, 1335 (1997).
[24] G. Engels, J. Lange, Th. Schapers, and H. Luth, Phys.
Rev. B 55, 1958(R) (1997).
[25] M Schultz, F Heinrichs, U Merkt, T Colin, T Skauli, and
S Løvold, Semicond. Sci. Technol. 11, 1168 (1996).
[26] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R.
A. Duine, Nat. Mat. 14, 871 (2015).
[27] M. Kohda, T. Bergsten, and J. Nitta, J. Phys. Soc. Jpn.
77, 031008 (2008).
[28] T. Jungwirth, J. Wunderlich, and K. Olejnik, Nat. Mater.
11, 382 (2012).
[29] E. L. Ivchenko and G. E. Pikus, JETP Lett. 27, 604
(1978).
[30] S. D. Ganichev, E. L. Ivchenko, V. V. Belkov, S. A.
Tarasenko, M. Sollinger, D. Weiss, W. Wegscheider, and
W. Prettl, Nature (London) 417, 153 (2002).
[31] S. D. Ganichev, Int. J. Mod. Phys. B 22, 1 (2008).
[32] J. Wunderlich, A. C. Irvine, J. Sinova, B. G. Park, L. P.
Zaˆrbo, X. L. Xu, B. Kaestner, V. Nova´k, and T. Jung-
wirth, Nat. Phys. 5, 675 (2009).
[33] J. C. Rojas Sa´nchez, L. Vila, G. Desfonds, S. Gambarelli,
J. P. Attane´, J. M. De Teresa, C. Mage´n, and A. Fert,
Nat. Commun. 4, 2944 (2013).
[34] J. I. Ohe, A. Takeuchi, and G. Tatara, Phys. Rev. Lett.
99, 266603 (2007).
[35] V. M. Edelstein, Solid State Commun. 73, 233 (1990).
[36] Y. K. Kato, R. Myers, A. Gossard, and D. D. Awschalom,
Phys. Rev. Lett. 93, 176601 (2004).
[37] S. D. Ganichev, S. N. Danilov, P. Schneider, V. V.
Bel’kov, L. E. Golub, W. Wegscheider, W. Prettl, J.
Magn. Magn. Mater. 300, 127 (2006).
[38] S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).
[39] H. C. Koo, J. H. Kwon, J. Eom, J. Chang, S. H. Han,
and M. Johnson, Science 325, 1515 (2009).
[40] A. A. Kiselev and K. W. Kim, Appl. Phys. Lett. 78, 775
(2001).
[41] T. P. Pareek, Phys. Rev. Lett. 92, 076601 (2004).
[42] T. Koga, J. Nitta, H. Takayanagi, and S. Datta, Phys.
Rev. Lett. 88, 126601 (2002).
[43] R. Ionicioiu and I. D’Amico, Phys. Rev. B 67, 041307(R)
(2003).
[44] J. Nitta, F. E. Meijer, and H. Takayanagi, Appl. Phys.
Lett. 75, 695 (1999).
[45] J. I. Ohe, M. Yamamoto, T. Ohtsuki, and J. Nitta, Phys.
Rev. B 72, 041308(R) (2005).
[46] M. Kohda, S. Nakamura, Y. Nishihara, K. Kobayashi, T.
Ono, J. I. Ohe, Y. Tokura, T. Mineno, and J. Nitta, Nat.
Comm. 3, 1082 (2012).
[47] P. Debray, S. M. S. Rahman, J. Wan, R. S. Newrock, M.
Cahay, A. T. Ngo, S. E. Ulloa, S. T. Herbert, M. Muham-
mad, and M. Johnson, Nature Nanotech. 4, (2009).
[48] J. Nitta, T. Bergsten, Y. Kunihashi, and M. Kohda, J.
Appl. Phys. 105, 122402 (2009)
[49] M. Kohda, V. Lechner, Y. Kunihashi, T. Dollinger, P.
Olbrich, C. Schonhuber, I. Caspers, V. V. Bel’kov, L.
E. Golub, D. Weiss, K. Richter, J. Nitta, and S. D.
Ganichev, Phys. Rev. B 86, 081306(R) (2012).
6[50] Y. Kunihashi, H. Sanada, H. Gotoh, K. Onomitsu, M.
Kohda, J. Nitta, and T. Sogawa, Nat. Comm. 7, 10722
(2016).
[51] S. Takayoshi, H. Aoki, and T. Oka, Phys. Rev. B 90,
085150 (2014).
[52] S. Takayoshi, M. Sato, and T. Oka, Phys. Rev. B 90,
214413 (2014).
[53] H. Hirori, K. Shinokita, M. Shirai, S. Tani, Y. Kadoya,
and K. Tanaka, Nat. Commun. 2, 594 (2011).
[54] R. Matsunaga, Y. I. Hamada, K. Makise, Y. Uzawa, H.
Terai, Z. Wang, and R. Shimano, Phys. Rev. Lett. 111,
057002 (2013).
[55] C. Vicario, C. Ruchert, F. Ardana-Lamas, P. M. Derlet,
B. Tudu, J. Luning, and C. P. Hauri, Nat. Photon. 7,
720 (2013).
